Quantitative methylation profiling was performed using the Illumina GoldenGate Assay in untreated follicular lymphoma (FL) (164), paired pre-and post-transformation FL (20), benign haematopoietic (24) samples and purified B and T cells from two FL cases. Methylation values allowed separation of untreated FL samples from controls with one exception, based primarily on tumour-specific gains of methylation typically occurring within CpG islands. Genes that are targets for epigenetic repression in stem cells by Polycomb Repressor Complex 2 were significantly over-represented among hypermethylated genes. Methylation profiles were conserved in sequential FL and t-FL biopsies, suggesting that widespread methylation represents an early event in lymphomagenesis and may not contribute substantially to transformation. A significant (Po0.05) correlation between FL methylation values and reduced gene expression was shown for up to 28% of loci. Methylation changes occurred predominantly in B cells with variability in the amount of non-malignant tissue between samples preventing conclusive correlation with survival. This represents an important caveat in attributing prognostic relevance to methylation and future studies in cancer will optimally require purified tumour populations to address the impact of methylation on clinical outcome.
Introduction
Aberrant cytosine methylation occurring at CpG-rich areas, known as CpG islands, has conventionally been associated with transcriptional silencing in neoplasia. [1] [2] [3] Unlike gene mutation, which selectively targets a number of discrete loci, methylation is less discriminatory and frequently affects numerous genes with diverse functions. 3, 4 Such epigenetic changes are potentially reversible and represent therapeutic targets using demethylating agents, approved for use in the treatment of myelodysplastic syndrome. [5] [6] [7] These agents are currently under evaluation in follicular lymphoma (FL), 8 a neoplasm of germinal centre B lymphocytes that accounts for 20-25% of all non-Hodgkin's lymphomas. 9 In this study, we undertook methylation profiling in a large series of FL cases. Previous studies have suggested that FL may be more susceptible to methylation than other B-cell lymphomas. [10] [11] [12] FL has a heterogenous clinical course, with a relatively long median survival of 8-10 years. For as many as half of the patients, transformation to a more aggressive lymphoma (t-FL), usually diffuse large B-cell lymphoma, occurs and this event is often associated with particularly poor outcomes. [13] [14] [15] Cytogenetically, up to 95% of FL cases are characterized by the t(14;18)(q32;q21) translocation. 16, 17 However, this alone is not sufficient for lymphomagenesis and a complex heterogenous accumulation of secondary genetic events in the tumour and alterations within the tumour microenvironment frequently occur. 18 Investigation of methylation in FL has been predominantly restricted to studies on small patient cohorts or focused on individual candidate tumour suppressor genes, using locusspecific non-quantitative methods (reviewed by Hayslip and Montero 19 ). With the introduction of newer technologies, the focus is moving away from studies of single genes to a global analysis of the lymphoma 'methylome'. In this study, we generated methylation profiles on a large clinically and molecularly well-characterized patient cohort including previously untreated FL lymph node biopsy samples (u-FL), paired pre-transformation (pre-t-FL) and post-transformation (t-FL) samples and non-tumour tissue using the GoldenGate Methylation Cancer Panel 1 (Illumina, San Diego, CA, USA). These results were correlated with previously established gene expression profiles to provide a comprehensive epigenetic analysis for FL.
Materials and methods

Samples
DNA from whole lymph node biopsies from 164 patients with FL at diagnosis with accompanying clinical, gene expression 20 and genomic single-nucleotide polymorphism (SNP) array data 21 was obtained through the Lymphoma/Leukemia Molecular Profiling Project. DNA extracted from 10 paired pre-and post-transformation lymph node biopsies was also available. 22 In addition, 27 non-tumour samples were examined (Table 1) , including 19 lymph nodes from a variety of anatomical locations with multiple non-malignant histological diagnoses. Characteristics are summarized in Table 1 . Two FL samples were separated into T-and B-cell components using CD3 or CD19 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). Purity of CD3-and CD19-positive fractions was found to be 490% in all cases. The SNP data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus 23 and are accessible through GEO Series accession number GSE14582 (http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc ¼ GSE14582).
Illumina GoldenGate Methylation Cancer Panel 1
DNA was bisulphite modified using the EZ DNA Methylation kit (Zymo Research, Orange, CA, USA) and 250 ng of starting bisulphite-modified gDNA was analysed using the Illumina GoldenGate Methylation Cancer Panel 1. 24 Methylation values are expressed as a beta (b)-value (between 0 and 1) for each CpG site, representing a continuous measurement from 0 (completely unmethylated) to 1 (completely methylated). This value is calculated by subtracting background hybridization levels obtained from negative control probes on the array and calculating the ratio of the fluorescent signal from the methylated allele (M) to the sum of the fluorescent signals from both unmethylated (U) and methylated alleles (max(M, 0))/ (|U| þ |M| þ 100). Samples were analysed on 96-well arrays (3 Â ); replicate samples (n ¼ 12) were included to assess interand intra-array reproducibility.
Data analysis
Data were analysed using the methylation module in Illumina (San Diego, CA, USA) BeadStudio software. Eighty-four CpG loci on the X chromosome were excluded from analysis to eliminate any gender bias as were 157 loci showing a mean b-value of o0.5 in enzymatically methylated control DNA samples (CpGenome Universal Methylated DNA; Chemicon, Temecula, CA, USA) 24 (excluded genes listed in Supplementary  Table S1 ). Analysis was subsequently restricted to the remaining 1264 loci (739 genes), 865 located within CpG islands and 399 outside of these regions. For each sample, a b-value between 0 (unmethylated) and 1 (fully methylated) was assigned to each of these 1264 CpG loci.
Differential methylation
Differential methylation was assessed by comparing the mean methylation level (b-value) of FL samples with the mean b-value of the reference group (19 non-tumour lymph node samples in Table 1 ) using BeadStudio software. Selection of the most significantly differentially methylated loci was based on (1) a b-value difference (delta beta (Db)) of at least 0.34 between the reference and tumour groups and (2) a P-value of o0.00001 as determined by two-sided t-test including a false discovery rate (FDR) correction factor. 25 These criteria were selected as they represent the most stringent criteria applied in previous studies, which used the Illumina GoldenGate Methylation array. 24, 26, 27 Validation by pyrosequencing and methylation-specific PCR Pyrosequencing assays were designed using PSQ AssayDesign Software (Biotage, Uppsala, Sweden) to analyse quantitative methylation values at five CpG loci corresponding to five GoldenGate probes from four genes (CDH1, DAPK1, FAT and SLIT2). Pyrosequencing was performed on 25 samples (FL (n ¼ 20), benign lymph nodes (n ¼ 4) and enzymatically methylated human genomic DNA (n ¼ 1)) according to published protocols with minor modifications. 28 Primer sequences and annealing temperatures are listed in Supplementary Table  S2 . Methylation-specific PCR (MSP) was performed on bisulphite-modified DNA from 30 patients for two genes (IGFBP7 and MGMT). Primer sequences and PCR conditions are listed in Supplementary Table S3 .
Gene expression profiling
Gene expression profiling was previously performed on all FL samples studied using the Affymetrix (Santa Clara, CA, USA) U133A and U133B arrays. 20 In comparing methylation with gene expression, only those Affymetrix probe sets with a mean log 2 expression greater than 7.0 were considered well measured. If multiple probe sets were available for the same gene, the one with the highest average log-expression was used. A one-sided Fisher's z-score transformation was used to test for anti-correlation between methylation score and gene expression. The FDRs for the number of probes for which methylation was positively or negatively correlated with gene expression were calculated by comparing the observed results with those of 10 000 data sets, generated by randomly permuting the gene expression profiles among the samples.
Results
Methylation profiling distinguishes tumour from non-tumour material DNA methylation levels were measured using the Illumina GoldenGate Methylation Cancer Panel 1 in 164 diagnostic FL samples, 10 pairs of FL/t-FL samples, 19 benign lymph nodes, 4 tonsils, pooled peripheral blood mononuclear cells and 3 commercially available controls ( Table 1 ). Unsupervised hierarchical cluster analysis of b-values of the untreated FL and nontumour material separated samples into two distinct groups, one consisting of 163 tumour samples (blue colour bar in Figure 1 ) and a group that included all benign haematopoietic samples (yellow). The human male genomic DNA and the human foetal cell line DNA (CpGenome Universal Unmethylated DNA Vials A & B respectively; Chemicon) and a single tumour sample also clustered with these benign samples. The benign haematopoietic samples showed little variation in methylation profiles, with a mean s.d. of b-value of 0.04. The enzymatically methylated genomic DNA control (brown) clustered separately from all other samples. Distinct clusters were identified based on their change in b-value relative to controls (Db); we have focused on two of these clusters, referred to as low-Db (n ¼ 34, green branches of the dendrogram, Figure 1 ) and high-Db (n ¼ 29, red branches of dendrogram) groups. These groups showed a mean Db relative to the control group of 0.1 and 0.23, respectively. There was no significant difference in the demographics or clinical outcome of patients with regard to age, grade of malignancy, stage, progression-free or overall survival between these groups. No association between methylation values of all samples and survival outcomes was identified.
We did note, however, a strong association between a higher Db-value and an abnormal SNP profile using the Affymetrix 10K 2.0 GeneChip (high-Db group: 25/29 samples with abnormal SNP; low-Db group: 11/34 (Fisher's exact test Po0.0001); colour bar in Figure 1 ). As detection of abnormalities by SNP profiling is dependent on the level of malignant cells, 29 we reasoned that the differences in methylation may be related to the amount of non-tumour tissue in the sample. Therefore, we performed methylation analysis on purified B-and T-cell populations and on whole lymph node DNA obtained from two patients with FL. Both fractions showed distinct methylation patterns. The two purified B-cell samples showed a mean Db across all CpG loci of 0.29 and 0.27 and clustered with the high-Db group. In contrast, the corresponding T-cell samples showed a lower mean Db of 0.11 and 0.14 and clustered within the low-Db group, whereas the corresponding whole tumour samples showed mean Db values of 0.24 and 0.23, intermediate between the values for purified B-and T-cell samples. This showed that the changes in methylation are derived predominantly from the tumour B-cell population and that non-tumour cells within the tumour sample affect the methylation value.
Analysis of individual CpG loci
To identify the CpGs showing the most significant tumourspecific changes in methylation relative to controls, a mean b-value for each CpG was determined for the 164 FL samples and compared with the corresponding mean b-value in our reference non-tumour lymph node group (n ¼ 19). Using the criteria of Po0.00001 and Db of X0.34, 199 loci (corresponding to 133 genes) were identified with significant increase in methylation in the u-FL group (1-50 listed in Table 2Fall loci in Supplementary Table S4 ). These loci preferentially located within a CpG island, with only one of the 199 CpG loci located Supplementary Table S5 .
Reproducibility and validation of array results
Comparison of quantitative methylation values at five CpG sites studied by both the GoldenGate array and pyrosequencing assays in 25 samples confirms the accuracy of the array, particularly for identifying differential methylation (mean r 2 ¼ 0.852; range 0.787-0.886; Supplementary Table S6 , Supplementary Figure S1 ). MSP results showed a mean b-value of 0.05 for those samples with a negative MSP with a mean Figure S2 ).
Identification of genes targeted by Polycomb Repressor Complex 2
As the Polycomb Repressor Complex 2 (PRC2) has been implicated in reversible transcriptional repression of genes by epigenetic mechanisms in embryonic stem cells, it was of interest to analyse whether the hypermethylated gene set included targets of the PRC2 complex. Genes examined in our study were identified as epigenetic repressive targets of PRC2 in embryonic stem cells based on previously published data from Lee et al. 31 The authors examined for the presence of three Polycomb group (PcG) marks in over 16000 genes, occupancy by PcG proteins, SUZ12 and EED, and association with trimethylation of lysine 27 of histone H3. Information on these three PcG marks was available for 674 of the genes examined on our methylation array. Comparison of frequency of the repressive PcG marks among the hypermethylated gene set, the full array and in the initial genome-wide mapping studies is shown in Figure 2 . 
Analysis of methylation in sequential pre-t-FL and t-FL biopsies
As previous studies of methylation in t-FL had been limited to non-quantitative MSP in a small series of patients, 32 we analysed paired pre-t-FL and t-FL biopsies to determine whether there was dynamic alteration in methylation status over time with disease treatment and transformation. Ten pairs of samples that previously showed chromosomal abnormalities by SNP analysis 33 were selected to ensure a minimum of contaminating nonmalignant cells. Of the pre-t-FL samples, two were obtained at diagnosis, one at progression after 'watch and wait' management, three at first relapse, three at second relapse and one at the seventh relapse. Significant increases in methylation relative to controls (Po0.00001; DbX0.34) were shown in 213 loci (corresponding to 142 genes) in the pre-t-FL group and 256 loci (163 genes) in the t-FL group. The number of hypermethylated genes in these groups is marginally higher than that in the u-FL group, which may reflect our efforts to limit the effects of contaminating non-tumour tissue by restricting analysis to samples with an abnormal SNP profile. There was extensive overlap between the hypermethylated CpG loci in all the three groups (Figure 3 ). Cluster analysis of the paired samples and non-tumour samples showed discrete separation of the 20 lymphoma samples from the non-tumour samples, validating the discriminative ability of the assay (Figure 4) . Methylation patterns were more strongly related to the individual than to transformation status, with predominantly similar profiles in patients pre-and post-transformation. Pre-t-FL and t-FL samples from six pairs clustered adjacent to each other (Figure 4 ). Analysis of variation confirmed that the 'patient effect' was (1) a b-value difference (delta beta (Db)) of at least 0.34 between the reference and the tumour groups and (2) a P-value of o0.00001 as determined by the two-sided t-test. Of the 36 loci unique to the t-FL group, 36/36 (100%) in the pre-t-FL group and 33/36 (92%) in the u-FL group showed hypermethylation at the less stringent criteria of (1) a Db of at least 0.17 between the reference and the tumour groups and (2) a P-value of o0.004 as determined by the two-sided t-test.
DNA methylation in follicular lymphoma C O'Riain et al larger than the 'transformation status effect': 876 loci were differentially methylated between individuals across transformation status, with 413 loci differentially methylated between transformation status groups across individuals (FDR ¼ 0.01).
Correlation with gene expression
To identify the genes in which methylation resulted in transcriptional silencing and reduction in gene expression, we correlated methylation results with previously established gene expression profiles. 20 Of the 1264 probe sets measuring methylation, 819 had well-measured gene expression available across the FL data set. Of these, 226 loci (FDR 0.30) showed a significant (Po0.05) inverse correlation between gene expression and methylation, with 77/819 (FDR 0.03) being highly significant (Po0.001) ( Supplementary Table S7 , Figure 5 ). Loci within CpG islands were over-represented in this group compared with the remaining loci (P ¼ 0.016). Of the 226 loci showing a significant inverse correlation between methylation and gene expression, 47 (corresponding to 32 genes) were present in our list of 199 significantly differentially methylated probes ( Supplementary Table S8 ). A significant (Po0.05) positive correlation with methylation value was observed for 114 of the 819 (FDR 0.36) loci, whereas 30/819 (FDR 0.05) had a strong positive correlation (Po0.001). CpG loci outside of CpG islands were significantly over-represented in this group (Po0.0001).
Discussion
The study of methylation in FL to date has been predominantly restricted to analysis of small patient cohorts or focused on individual candidate tumour suppressor genes using locusspecific non-quantitative methods. In our study, we use array technology to quantitatively assess methylation profiles in a large, well-characterized cohort of newly diagnosed FL patients and sequential biopsies from patients who underwent transformation to diffuse large B-cell lymphoma. This approach generated a methylation profile that showed extensive methylation changes between FL and benign lymph node, allowing the separation of tumour samples from nontumour samples with a single exception (Figure 1 ). This discriminatory ability was based primarily on tumour-specific gains of methylation within CpG islands. Haematopoietic control samples showed remarkably consistent methylation DNA methylation in follicular lymphoma C O'Riain et al profiles across a wide range of ages and pathological diagnoses. Although many CpG loci were noted to have similar methylation levels across FL samples, the pattern of methylation at a number of loci was heterogeneous within the u-FL group. From our comparison with SNP profiles and analysis of purified B-and T-cell populations, we believe that the degree of change in methylation relative to the control group predominantly reflects the relative proportions of neoplastic B cells and non-neoplastic infiltrating immune cells contained within the biopsies rather than the heterogeneity of methylation within tumour cells.
This potential confounding effect of non-neoplastic tissue on quantitative methylation analysis is often overlooked as the majority of methylation studies use whole tumour samples. This emphasizes the importance of purified tumour populations in future attempts to define the epigenome of various cancers, which will undoubtedly gain impetus as technology to allow high-resolution large-scale methylation mapping becomes available.
Despite this, our study was able to discriminate all but 1 of 164 tumours from non-tumour tissue, indicating that changes in methylation in FL are sufficient to distinguish from benign samples regardless of any potential effect of tumour content in the vast majority of cases. This has important practical applications as it suggests the potential for methylationbased discriminators in cancer, for example as a less invasive method of confirming disease recurrence (for example, by fine needle aspiration rather than core needle or open biopsies) or as an adjunct to diagnosis when material is limited. Moreover, the recent findings by Killian et al. 34 showing excellent reproducibility between matched frozen tissue and formalin-fixed, paraffin-embedded tissue from individuals with FL confirm the potential clinical application of this methylation technology.
Although the majority of loci examined showed similar methylation levels in both benign and malignant samples, the discriminative ability of the array was predominantly based on relative hypermethylation at selected loci in tumour samples relative to controls (Figure 1 ; Table 2 ; Supplementary Table S4 ). Hypermethylated and hypomethylated groups were significantly associated with CpG location, within and outside of CpG islands, respectively. This finding supports the basic methylation theory that CpGs located within CpG islands in non-tumour tissue are unmethylated, whereas CpGs outside CpG islands are methylated with the inverse pattern occurring in tumour tissue. 1 The significant over-representation in the hypermethylated gene set of genes targeted for repression by PcG proteins is in keeping with recent studies in carcinomas. [35] [36] [37] It has been proposed that methylation of these genes is an early event that 'locks in stem cell phenotypes' and leads to abnormal clonal expansion. 35, 38 Indeed, similar findings have recently been reported in mature aggressive B-cell lymphomas by Martin-Subero et al., 39 who discussed the potential implications of this finding for our understanding of lymphomagenesis. Recent observations suggesting that methylation of polycomb target genes is mediated by inflammation 40 and that transcriptional activity of polycomb target genes may be regulated by enzymes expressed by macrophages 41 are also intriguing, particularly given the role of the microenvironment in determining prognosis in FL. 20 Sequential analysis of biopsy material from 10 paired samples also suggests that changes in methylation are acquired early in the process of lymphomagenesis and are conserved with treatment and transformation.
The hypermethylated CpG loci identified in this study include both previously reported and novel methylated genes with a wide range of functions. Although numerous studies have identified methylated genes in a range of human tumours, it is unclear whether these changes are causal events in tumourigenesis or are merely a consequence of tumour development 42 Fwhat have been referred to as 'epipolymorphisms'. 43 In this series, it seems likely that many of the 199 CpG loci hypermethylated in u-FL will represent part of widespread epigenetic change brought about through instructive mechanisms rather than individual random methylation events leading to gene silencing, 44, 45 particularly given the relatively low inverse correlation between gene expression and methylation. Previous studies have shown that many genes methylated in lymphoma are expressed at low levels in benign haematopoietic tissue. 34, 39, 46 There are a number of other potential reasons for this low correlation. There may be a 'threshold effect' in regulating gene expression by which gene expression may not be unduly altered until a certain level of methylation has arisen. 47, 48 In addition, the effect of the microenvironment on gene expression is unknown, whereas other factors involved in methylation-associated gene silencing, such as histone modifications, could also contribute to these results.
In summary, this study confirms frequent aberrant tumourspecific methylation in FL in support of ongoing clinical trials of demethylating agents in FL. The similarities in the methylation profiles observed in sequential FL and t-FL biopsies and the over-representation within the hypermethylated set of genes that are targets for epigenetic repression by PRC2 in stem cells suggest that the widespread methylation may represent an early event in lymphomagenesis. It is likely that future studies will focus on elucidating the links between PcG proteins and widespread tumour-specific methylation with a view to gaining insights into the timing and significance of these changes in lymphomagenesis. Methylation profiles provide a robust discriminator between benign and malignant tissue, irrespective of the confounding effect of non-neoplastic tissue, which prevented conclusive correlation with clinical outcome in this study. This is an important caveat in analysing studies attributing prognostic relevance to the methylation of individual genes, and future work will optimally require purified tumour populations using quantitative methylation studies to identify the true impact of methylation on tumour biology and outcome.
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